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Abstract. In rye each B chromosome (B) represents 5.5% of
the diploid A genome. Rye Bs have several nuclear to whole
plant effects although they seem to bear no genes except for the
ones that lead to their maintenance within a population. In this
context, and considering that rye Bs are enriched in repetitive
non-coding regions that build up heterochromatin (het), we
investigated the influence of Bs on the organization of two
chromatin fractions, namely the ribosomal DNA (facultative
het) and satellite (non-het) domain of rye chromosome 1 by
silver staining on root tip metaphase cells. The results show that
rye Bs cause condensation both in the NOR and in the chromo-
some 1 satellite domain. Since the silver staining technique
used is indicative of the transcriptional activity of the NORs,
the condensation observed at those loci demonstrates that the
rRNA gene arrays are down-regulated in the presence of Bs,
regardless of their number per individual. Furthermore, the
organizational changes of metaphase NORs find parallel with
the interphase organization of ribosomal chromatin, since the
frequency of cells with intranucleolar condensed rDNA regions
increases drastically and nuclear matrix attachment pattern is
altered in the presence of the Bs. Our results show an identical
effect of the Bs on the organization of two distinct chromosome
domains displaying a presence/absence dichotomy.
Copyright © 2004 S. Karger AG, Basel
A number of endo- or exophenotype characteristics have
been correlated with the presence of B chromosomes (Bs) in
rye. Rye is notable for the frequent occurrence of these chromo-
somes, which are found in many populations throughout its
geographical range. The property of B non-disjunction at first
mitosis in the male and female gametophytes, together with
irregularities at meiosis, means that they can be either absent or
present in distinct numbers between different individuals of
the same population (for review see Jones and Puertas, 1993;
Jones and Houben, 2003).
Rye Bs appear to have both heterochromatic and euchro-
matic domains, and whilst their profile is unique, they have no
C-banding properties which distinguish them markedly from
the As. The information so far available for DNA sequence
composition shows that Bs are mostly composed of repeated
DNA common to the As (Wilkes et al., 1995; Houben et al.,
1996) with exception of two families of specific repetitive
sequences, namely D1100 and E3900 (Sandery et al., 1990;
Blunden et al., 1993; Langdon et al., 2000). These sequences
exist in high copy number in the terminal part of the B long arm
that corresponds to a characteristic prominent C-band. Accord-
ing to this description of the molecular organization of the rye
Bs, these supernumerary chromosomes represent additional
content of repetitive DNA sequences that usually organize into
heterochromatin (het) domains (Houben et al., 1996), although
some may escape the cytological analysis (Redi et al., 2001).
Considering the referred effects of B chromosomes on nucleo-
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type features, along with their het nature, we investigated the
influence of the presence of the Bs on two distinct chromatin
domains located adjacently on rye chromosome 1, namely the
ribosomal DNA loci and the satellite region.
Previous analysis of different rye accession of B chromo-
somes showed that rDNA topology is altered in their presence,
since the frequency of cells with condensed rDNA within the
nucleolus drastically increases (Delgado et al., 1995). In fact, in
contrast to wheat (Leitch et al., 1992; Morais-Cecı́lio et al.,
2000) and pea (Shaw and Jordan, 1995), condensed rDNA in
rye without Bs is restricted to perinucleolar blocks (Leitch et al.,
1992; Delgado et al., 1995). Here, we show that this B effect is
independent of the B number and is also manifested by conden-
sation of metaphase NOR and chromosome 1 satellite domains
and in the periodicity of rDNA attachment to the nuclear
matrix.
Materials and methods
Analysis of somatic cells was performed in meristems of seedling root
tips from JNK rye plants with 0, 1, 2, 3 and 4Bs. Root tips were either fixed in
4% (w/v) formaldehyde solution in PEM buffer and sectioned as described in
Abranches et al. (1998), or colchicine treated in a 0.1 mg/ml solution for 4 h
at 22 °C to induce c-metaphases and then were fixed in 3:1 (v/v) absolute
ethanol:glacial acetic acid. Unfixed root tips were also used to obtain nuclear
halo preparations according to Allen et al. (1996). Tissue sections and
nuclear halo preparations were hybridized with the rDNA probe pTa71 (a 9-
kb fragment from 45S rDNA gene sequence isolated from wheat, Gerlach
and Bedbrook, 1979) and analyzed by confocal laser scanning microscopy.
C-metaphase spreads were silver stained and hybridized with pTa71 follow-
ing the procedure described in Caperta et al. (2002), and analyzed under light
and epifluorescence microscopes. Silver staining and in situ hybridization
were either performed in distinct preparations or sequentially in the same
preparation, producing identical results. Length measurements of c-meta-
phase NORs and of satellites of chromosome 1 were performed using Axion-
Vision measurement module 3.0.0.0 (Zeiss). For each level of analysis at least
three plants from each genotype (0, 2 and 4 Bs) were used.
Results
Bs induce condensation of NOR and chromosome 1 satellite
domains
NOR activity in JNK rye was evaluated on c-metaphases
through silver staining. In all c-metaphase cells analyzed from
plants without Bs, and from plants with distinct numbers of Bs,
homologues of chromosomes 1 show a positive silver staining
of the NOR (Ag-NOR), revealing that genes from both NORs
are transcribed during the previous interphase (Figs. 1 and 2).
However differences in the Ag-NOR length were observed
between cells, indicating distinct levels of condensation of the
rDNA chromatin in metaphase chromosomes. In order to eval-
uate these differences the length of each NOR and its satellite
was measured and compared. NORs were considered dis-
tended when longer than the satellite (Fig. 1) and condensed
when shorter or equal to the satellite (Fig. 2). The results of this
analysis are summarized in Table 1. This shows a difference
between plants with and without Bs, with both satellite and
NOR mean lengths being reduced in the presence of Bs. The
frequency of condensed NORs is considerably higher in plants
with Bs in relation to plants without Bs, and similar values were
obtained for plants with 2 or 4 Bs. These results show that the
presence of B chromosomes induces NOR condensation but
that this effect is not directly related to the number of Bs
present. Similarly the presence of B chromosomes is also relat-
ed to a reduction in length of chromosome 1 satellite, revealing
higher levels of chromatin condensation.
Distended NORs analysed using sequential silver staining
and FISH with the pTa71 probe show a complex internal orga-
nization. FISH labeling revealed a centromere-proximal con-
densed rDNA region and a distended region with faint labeling
(Fig. 1B). In all distended NORs, a portion of the centromere-
proximal rDNA condensed region does not overlap with silver
staining revealing a higher density of argeophilic proteins
towards the telomeric end of the NOR (Fig. 1A). Since the pres-
ence of argeophilic proteins in the NOR is related to gene tran-
scription, the stronger silver staining of the distal region of the
NOR should result from more intense transcriptional activity
in that domain. In this respect the homogeneous silver staining
observed in condensed NORs (Fig. 2) must result from the high
level of rDNA condensation that renders impossible the dis-
crimination of differentially stained regions.
The effect of the Bs on interphase rDNA organization is
independent of B copy number
Hybridization of preserved nuclei with pTa71 and analysis
by laser-scanning confocal microscopy gave detailed informa-
tion on the organization of the NOR at interphase. No hybridi-
zation signal was found apart from the nucleolus which is
visualized due to reduced DAPI staining. The majority of the
nuclei presented two blocks of ribosomal chromatin adjacent to
the nucleolar periphery (Fig. 3 inset). Nuclei with only one per-
inucleolar block were very rare and in these nuclei no other
pTa71 signal was detected (Table 2). Perinucleolar blocks were
usually large with intense fluorescence, indicating a high level
of rDNA condensation. Besides these perinucleolar blocks con-
densed rDNA was also detected inside the nucleolus (Fig. 3).
The number of condensed sites of ribosomal chromatin located
intranucleolarly, in contrast with the perinucleolar ones, is not
constant and varies from one to more than ten.
Table 1. Mean length (Ìm) of satellite and dis-
tinct types of Ag-NORs in plants with different
numbers of B chromosomes
No. of 
Bs 
Satellite NOR Condensed NOR % Distended NOR % No. of cells 
0 2.63 (±0.4) 2.82 (±1.8) 1.92 (±0.87) 52 3.81 (±0.76) 48 22 
2 1.55 (±0.2) 1.18 (±0.4) 1.06 (±0.26) 95 2.15 (±0.36) 5 39 
4 1.50 (±0.6) 1.13 (±0.1) 1.08 (±0.68) 88 2.23 (±0.19) 12 21 
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Fig. 1. C-metaphase cell from 0B genotype
after sequential silver staining and in situ hybridi-
zation with the rDNA probe pTa71 displaying
distended NORs. (A) Simultaneous visualization
of the NOR Ag-staining (brown, arrows) and
pTa71 signal (red) showing that the centromere-
proximal rDNA condensed region does not over-
lap with silver staining. (B) DNA DAPI staining
(blue) and pTa71 labeling (red) reveals a faint dis-
tended region towards the distal part of the NOR
(arrowheads). Bar = 10 Ìm.
Fig. 2. C-metaphase cell with 2 Bs (arrow-
heads) after sequential silver staining and in situ
hybridization with the rDNA probe pTa71 dis-
playing condensed NORs (arrows). NOR Ag-
staining and pTa71 labeling (red) show colocaliza-
tion. Bar = 10 Ìm.
Fig. 3. Interphase nucleus of a 4B plant after
in situ hybridization with rDNA probe (red) and
DAPI DNA staining (blue) showing two large
rDNA condensed blocks in the periphery of the
nucleolus together with several rDNA condensed
regions inside the nucleolus. Inset – interphase
nucleus of a 0B plant where the condensed rDNA
is restricted to the two perinucleolar blocks. Bar =
5 Ìm.
Fig. 4. Meristematic root tip nucleus after his-
tone extraction hybridized with rDNA probe
pTa71 (red), showing rDNA labeling in the resid-
ual nucleus as well as uncoiled fibers in the
nuclear halo. The hybridization signal is superim-
posed with DNA DAPI staining. Bar = 10 Ìm.
Table 2. Frequency (%) of nuclei with distinct number of rDNA con-
densed regions in plants with different numbers of B chromosomes
No. of condensed rDNA regions per nucleusa No. of 
Bs 
1 2 3 4 5 6 >6 
No. of 
nuclei 
0 2.5 85.0 8.8 2.5 1.3 0 0 80 
1 0 35.0 22.5 30.0 5.0 5.0 2.5 40 
2 1.0 34.5 22.5 25.5 10.5 4.5 1.5 200 
3 0 37.5 23.8 20.0 8.8 7.5 2.5 80 
4 0 43.8 30.0 16.3 7.5 1.3 1.3 80 
a More than two condensed rDNA regions correspond to nuclei with condensed
rDNA inside the nucleolus.  
Table 3. Average length (Ìm) of the uncoiled rDNA fibers from the rye
NOR locus in the nuclear halo preparations from plants with different num-
bers of B chromosomes
Significance of the difference 
between genotypesa 
Genotype No. of 
nuclei 
Medium length of 
rDNA fibers (SD) 
2Bs 4Bs +Bsb 
0Bs 12 14.8 (±3.7) P = 0.006 P = 0.034 P = 0.008 
2Bs 26 10.9 (±4.1)  P = 0.363  
4Bs 17 11.8 (±3.2)    
+Bsb 43 11.2 (±3.9)    
a The significance of the difference in length of the extended rDNA fibers 
between genotypes was assessed using a two-tailed distribution Student’s t test. 
b Pooled results from 2B and 4B genotypes. 
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The frequency of nuclei with condensed rDNA in an intra-
nucleolar position shows a drastic increase in the presence of B
chromosomes (Table 2, 0B 12.5%, 1B 65.0%, 2B 64.5%, 3B
62.5% and 4B 56.2%), corroborating the observations in
spread nuclei (Delgado et al., 1995). The frequencies now
obtained for nuclei with intranucleolar rDNA condensation
both in plants without Bs and in plants with Bs are higher than
that previously observed (5% and 23–33%, for 0 and +B geno-
types respectively). This is probably due to the greater accuracy
of confocal microscopy in the detection of spots of smaller size
that can be scattered or overlapped in the perinucleolar con-
densed blocks in nuclei spreads.
Nuclei from all genotypes were classified according to the
total number of condensed rDNA sites per nucleus indepen-
dently of their size, and these results are summarized in
Table 2. A ¯2 analysis rejected the hypothesis of independence
between the number of discrete condensed rDNA spots and the
variation of B chromosome number (¯2 = 71.3, P = 0.00). How-
ever, when only +B genotypes are considered (¯2 = 7.8, P =
0.25) this analysis clearly indicates that the B chromosome
effect upon interphase rDNA organization is not related to
their number, but only to the presence or absence of these chro-
mosomes. In addition, in +B genotypes the higher density of
condensed rDNA inside the nucleolus is found in the nucleolar
subregion closer to the perinucleolar condensed rDNA blocks
indicating a tendency to condensation towards the centromere
proximal part of the locus.
Bs affect the periodicity of rDNA attachment to nuclear
matrix
The pTa71 hybridization pattern, after histone displace-
ment, shows that the rDNA sequences within the chromosome
1 locus are distributed between the residual nucleus and the
nuclear halo (Fig. 4). Two bright blocks are detected in the
residual nucleus, close to the nucleolar periphery from which
emanate extended threads of rDNA.
The maximum length of the uncoiled threads of rDNA of
each nuclear halo was measured. The average length was deter-
mined for each genotype revealing another difference between
plants with and without B chromosomes (Table 3). The average
length of the uncoiled rDNA fibers due to histone extraction is
significantly higher in the 0B genotype than in the +Bs geno-
types. On the other hand, this parameter does not show any
significant difference between 2B and 4B plants.
Discussion
The relation between positive metaphase NOR silver label-
ing and transcription of rRNA genes in the preceding inter-
phase has long been established (Goodpasture and Bloom,
1975), and ever since silver staining has been extensively used
to evaluate rDNA gene expression and to discriminate between
actively transcribed and inactive rRNA gene loci (Jiménez et
al., 1988; Zurita et al., 1998; Caperta et al., 2002). Silver label-
ing analysis of metaphase plates of JNK rye reveals strong sil-
ver bands in the NOR region of chromosomes 1, showing that
both homologous NORs strongly contribute to nucleolus for-
mation, which is a general feature of diploid rye (Caperta et al.
2002). However, the presence of B chromosomes clearly in-
duces a reduction in the absolute length of the secondary con-
striction, and thus in the length of the silver label, and also a
reduction in the frequency of distended NORs indicating a
reduction in rRNA gene expression. The size of Ag-signals in
metaphase chromosomes was directly related to the transcrip-
tional level of the NOR (Hubbel, 1985), and used as a parame-
ter to compare NOR activity between homologous and non-
homologous loci (Hubbel, 1985; Zurita et al., 1998, 1999; Man-
drioli et al., 1999; Morais-Cecı́lio et al., 2000; Caperta et al.,
2002). In addition it is known that the presence in metaphase
NORs of argeophilic proteins related to rRNA gene transcrip-
tion is associated with reduced rDNA condensation (Jiménez
et al., 1988; Heliot et al., 1997). The reduction of NOR tran-
scription here observed is in agreement with early reports of B
chromosome effects upon nuclear phenotype showing that the
presence of Bs is associated with a depletion in RNA content
(Kirk and Jones, 1970), that in view of the magnitude of the
changes, was later attributed to the ribosomal fraction (Jones
and Rees, 1982). The effects of the presence of Bs on metaphase
chromosome structure are not limited to the NOR loci, as the
length of the chromosome 1 satellite is also reduced in the pres-
ence of these chromosomes to a level that is not related to their
number. A similar result was obtained by Jones and Rees
(1968), where a shortening of metaphase A chromosomes was
associated with the presence of Bs, and in this work also no
significant differences were found between the effect of 4 or 8
Bs. Interestingly, the reduction in size of NOR silver labeling,
and hence a reduction of rDNA gene transcription related with
the presence of Bs, was also observed in the hexaploid wheat
Lindström, a line with introgressed rye B chromosomes (Mo-
rais-Cecı́lio et al., 2000). As in the present work, no evident
relation between the severity of the effect and the number of Bs
present was found in this wheat line.
Following this observation in metaphase chromosomes, the
interphase results reveal that also the intranucleolar rDNA con-
densation induced by the Bs is independent of the number of
these chromosomes. In 0B nuclei the rDNA organization
pattern is identical to that described for rye cultivars without Bs
(Leitch et al., 1992; Delgado et al., 1995; Caperta et al., 2002)
where the condensed rDNA is essentially restricted to the out-
side of the nucleolus in peripheral position. Conversely in +B
plants most of the nuclei show intranucleolar condensed rDNA
with this organization being independent of number of Bs
present. Although intranucleolar condensed regions could be
found dispersed throughout the volume of the nucleolus, this
situation was mainly restricted to nuclei with higher numbers
of intranucleolar rDNA foci. In most nuclei, with few intranu-
cleolar rDNA foci, this condensed rDNA tends to be localized
towards the perinucleolar blocks, suggesting that rDNA con-
densation inside the nucleolus occurs primarily close to the
perinucleolar heterochromatic rDNA. Considering that at in-
terphase intranucleolar rDNA condensation is observed promi-
nently towards the centromere side it seems reasonable to
assume that a preferential rDNA expression towards the telo-
mere is a characteristic feature of rye NORs, although the
extent of global rDNA transcription, and thus rDNA decon-
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densation, can vary between distinct genotypes. The effects of
Bs on the rDNA organization are also reflected in matrix
attachment patterns. The alteration of the periodicity of attach-
ment to the nuclear matrix observed in the rDNA sequences
strongly suggests that different or additional attachment sites
are recruited in the presence of Bs. Taken together the data
obtained from metaphase silver staining and interphase in situ
hybridization show a direct correlation between the decrease in
nucleolar activity and the increase of intranucleolar condensed
rDNA, associated with the presence of B chromosomes. The
down regulation of rRNA gene expression by means of rDNA
condensation is already related to lower levels of metabolic
activity in differentiated cells (Shaw et al., 1993), and with
NOR inactivation associated with nucleolar dominance (Neves
et al., 1997; Lim et al., 2000).
Although rye Bs are mainly composed of repetitive DNA
sequences that build up heterochromatin (Grewal and Moazed,
2003), our results do not show a dosage effect commonly associ-
ated with alterations in the total amount of het (Henikoff,
2000). In addition, at this level of analysis it is not patently an
odd/even B number effect, frequently associated with the pres-
ence of rye Bs (Jones and Puertas, 1993). The effect of Bs upon
rDNA and chromosome 1 satellite shows an absence/presence
dichotomy, being independent of variation in their number.
This suggests that the genome plasticity in terms of chromatin
organization is limited in its scope, and that one or a few Bs are
sufficient to reach a threshold.
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